Chronic rhinosinusitis (CRS) with nasal polyps (CRSwNP
, hypoxia-inducible factor (HIF)-1α prolongs the life of oxygen-deprived human eosinophils. It has been demonstrated that eosinophils respond to hypoxia by up-regulating HIF-1α and Bcl-XL. More recently, Baek et al. 12 reported the influence of hypoxia on levels of airway inflammation and remodeling in vivo. The combined hypoxia and allergen enhanced HIF-1α expression and increased eotaxin-1, peribronchial eosinophils, and degree of airway remodeling (fibrosis) compared to either stimulus alone. These findings indicate that hypoxia may cause a profound effect on eosinophil function. However, little is known about the direct link between eosinophils and hypoxia in CRS.
Wogonin (5,7-dihydroxy-8-methoxyflavone) is one of the active components of flavonoids that are present in extracts from Scutellariae radix, commonly known as the Chinese herb "Huang Qin". Recently, neuroprotective, anticancer, antiviral, and anti-inflammatory effects of wogonin have been discovered [13] [14] [15] [16] . Wogonin was found to induce eosinophil apoptosis and have potential as an eosinophil apoptosis-inducing anti-inflammatory agent in allergic asthma 17, 18 . Although apoptosis represents an important component for the resolution of inflammation, limited research has been performed related to eosinophil apoptosis in chronic disease. Therefore, we aimed to investigate the ability of the flavone wogonin to induce eosinophil apoptosis in vitro and attenuate nasal polyp formation in a mouse model of CRS exposed to ovalbumin (OVA)/Staphylococcal enterotoxin B (SEB).
Methods
Human subjects. All subjects were enrolled after providing written informed consent under the Dankook University Hospital Review Board-approved protocol (no 2012-11-008), and all research was performed in accordance with relevant guidelines/regulations. The diagnosis of CRS with or without nasal polyps (NP) was based on historical, endoscopic, and radiographic criteria. The diagnosis of sinus disease was based on history, clinical examination, nasal endoscopy, and computed tomography of the paranasal sinuses. Endoscopic sinus surgery was performed when patient symptoms and radiographic findings did not resolve at least 6 weeks after patients were treated with antibiotics, topical corticosteroids, decongestants, and/or mucolytic agents. Antibiotics and topical steroids were discontinued 14 days before surgery. The patients with a deviated nasal septum were considered as the control group. Subject characteristics are shown in Table 1 . Tissues from uncinate process (UP) were obtained from controls (n = 6) and CRS without nasal polyps (CRSsNP, n = 13). NPs and UPs were obtained from CRS with NP (CRSwNP, n = 27).
Immunofluorescence staining. Immunofluorescence staining was performed to demonstrate eosinophil major basic protein (EMBP), HIF-1α, survivin, and caspase-3 in sinonasal tissue samples. For complete details, see the Methods section of the online supplement.
Cell lines and cell culture. EoL-1 (human eosinophilic), THP-1 (human monocytic), HMC-1 (human mast), and RPMI2650 cell lines, derived from squamous cell carcinoma of nasal septum, were obtained from the Korean Cell Line Bank (Seoul, Korea). EoL-1, THP-1, and RPMI2650 cell lines were cultured in RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin, respectively. The HMC-1 cells were grown in Iscove's Modified Dulbecco's medium containing 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were incubated in a humidified atmosphere at 37 °C under 20% O 2 /5% CO 2 for normoxia or 1% O 2 /5% CO 2 hypoxia. The cells were treated with various concentrations of wogonin, YC-1, and chaetocin. Wogonin was dissolved in dimethylsulfoxide (DMSO), diluted in phosphate buffered saline (PBS), and administered in culture medium (final concentration of DMSO was 0.5%). An equal volume of DMSO was added to control wells.
Western blot analysis.
Proteins were separated by 8-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to from the gels onto polyvinylidene difluoride (PVDF) membranes (Immobilon-P, Millipore, Bedford, MA). Membranes were blocked with a Tris/saline solution containing 5% skim milk and 0.1% Tween-20 and the incubation process was conducted with anti-HIF-1α(1:1000), anti-caspase-3 (1:1000), anti-PARP (1:1000; Cell Signaling Technology, Beverly, MA), and anti-survivin (1:1000) antibodies. After incubation, the membrane was washed three times for 30 minutes and then treated with peroxidase-conjugated anti-mouse or anti-rabbit IgG (Vector Laboratories, Burlingame, CA) for 1 hour. The membranes were developed using a chemiluminescent reagent (ECL; Amersham Life Sciences, GE Healthcare) and subsequently exposed to chemiluminescent film to visualize the proteins.
Control CRSsNP CRSwNP
Total no. of subjects 6 (3 male) 13 (10 male) 27 (22 Immunohistochemistry. Survivin and collagen type I were immunostained in paraffin embedded sections.
For complete details, see the Methods section of the online supplement.
Statistical analyses. Data are expressed as the means ± SD. A non-parametric Mann-Whitney U-test
was used to compare differences between groups. Statistical analyses and data plotting were performed using SigmaPlot (version 10, Richmond, CA). A value of P < 0.05 was considered to indicate statistical significance.
Results

HIF-1α and survivin expression in CRSwNP eosinophils. Tissue samples were collected from patients
with CRSsNP (UP tissues), patients with CRSwNP (NP and UP tissues), and healthy subjects (UP tissues) to evaluate HIF-1α expression levels (Table 1) . A significant increase in HIF-1α-positive immune cell numbers were observed in patients with CRSwNP (NP and UP tissues) (Fig. 1A) . Moreover, HIF-1α expression was higher in EMBP-positive cells of NPs compared with that from patients with CRSsNP and normal UT. The HIF-1α immunoreactivity was mainly found in the nuclei, whereas positive staining of EMBP was generally found in the cytoplasm ( Fig. 1B-D ). Fig. 2A) . We next examined the effect of wogonin on apoptotic death of EoL-1, THP-1, RPMI2650, and HMC-1 cells by flow cytometry (Fig. 2B and C) ; however, wogonin did not induce apoptosis in these cells. Thus, wogonin could induce eosinophil apoptosis in a cell type-specific manner. Conversely, YC-1 and chaetocin (HIF-1 inhibitors) showed cytotoxic effect in EoL-1 and THP-1 cell lines ( Figure E2A and B).
Wogonin induces caspase-dependent apoptosis in the EoL
Inhibition of HIF-1α down-regulates the expression of survivin in EoL-1 cells. As shown
in Fig. 3A , survivin expression was upregulated in EoL-1 cells under the hypoxic condition, whereas wogonin-induced apoptosis was accompanied by a significant decrease of survivin. Moreover, we found that survivin overexpression protected EoL-1 cells against apoptosis in response to wogonin (Fig. 3B ). As shown in Fig. 3C -E, in EoL-1 cells, wogonin-induced apoptosis was significantly increased after silencing HIF-1α. Collectively, our findings suggest that wogonin could induce caspase-3 activation by suppressing HIF-1α and survivin expression in EoL-1 cells.
Immunohistological analysis of survivin expression in CRSwNP.
Obtained results revealed considerably higher numbers of survivin-positive cells in CRSsNP-UP tissues, whereas little or no survivin expression was observed in normal nasal mucosa. Survivin expression was elevated in NP mucosa from patients with CRSwNP compared with UP from control subjects and those with CRSsNP ( Figure E3 ). Our finding demonstrate that human NPs had increased survivin expression in infiltrating immune cells. We then used double immunofluorescence staining to detect survivin-positive eosinophils in submucosa. We found a significant increase in survivin-positive eosinophil numbers in NPs and UPs of patients with CRSwNP compared with those in UPs from control subjects and patients with CRSsNP ( Fig. 4A and B) . In summary, these findings demonstrate that NPs had increased survivin expression in EMBP-positive cells.
Wogonin reduces NP formation in BALB/c mice. All animals were treated with OVA and SEB to induce nasal polyps according to a previously described protocol (Fig. 5A ). As shown in Fig. 5B , no polyp-like lesions were observed in the control group (received PBS; group A); polyp-like lesions were found only in the mice that received SEB intranasally (groups B, C, and D). A thickened mucosa with polyp-like lesions was observed primarily at the transition zone of the olfactory and respiratory epithelia. Mucosal polyp and epithelial disruption numbers in the nasal cavities were reduced in wogonin and steroid treated groups ( Fig. 5C ; Figure E4A and B). (Fig. 6A) . NP models demonstrated a significantly increased survivin expression in immune cells compared with that observed in PBS-applied animals. In the wogonin-treated group, survivin-positive eosinophils were down-regulated compared to the untreated group (Fig. 6C) . Moreover, caspase-3-positive eosinophils were detected in the wogonin-treated group, as shown in Fig. 6B and D.
Alterations in cytokine and chemokine mRNA profiles after wogonin treatment. Next, we evaluated alterations in cytokine and leukocyte-recruiting chemokine mRNA profiles in NP mice. Wogonin treatment reduced the mRNA expression level of pro-inflammatory cytokines such as IL-4, IL-13, and ECP (Fig. 7A) . Reduction in IFN-γ, IL-17A, neutrophil-recruiting chemokines (CXCL1 and CXCL2), eosinophil-recruiting chemokines (CCL11 and CCL24), T-bet, GATA3, and ROR-γ mRNA profiles were observed only in the steroid treated group (Fig. 7B and C) . Thus, these data suggest that wogonin has anti-inflammatory properties related to the inhibition of cytokines secreted by eosinophils. Wogonin decreases eosinophil accumulation in vivo. We then analyzed the cellular composition of the nasal fluid of mice 24 hours after the last OVA challenge. Inflammatory cell levels in nasal fluid were significantly elevated in OVA/SEB challenged mice compared with those in control animals ( Figure E5A-C) . Intranasal wogonin administration led to a reduction in total inflammatory cells, with a concomitant increase in apoptotic cells that exhibited nuclear condensation and cellular shrinkage. Notably, the percentage of apoptotic eosinophils relative to total eosinophils was significantly higher in NP mice after wogonin treatment compared with that in untreated mice. The observed reduction in the recruitment of inflammatory cells into the upper airway correlated with the histopathological changes in nasal mucosa. These results indicated that treatment with wogonin efficiently decreased eosinophil accumulation and attenuated NP formation in mice. In addition, the total IgE and OVA-specific IgE was significantly reduced in the serum and nasal fluid samples in the wogonin-treated group compared to the untreated group ( Figure E5D-G) . Mice that received wogonin showed apoptotic bodies and caspase-3-positive cells in the submucosa. Moreover, survivin-positive cells were detected in the untreated group ( Figure E6A-C) . Effect of wogonin administration on inflammatory responses and airway remodeling. To investigate the effect of wogonin on the inflammation of nasal mucosa, histopathological examination was performed, which shows the changes of inflammatory and mucin producing cells. Both wogonin and steroid treatment significantly reduced the number of infiltrated eosinophils and goblet cells compared to the untreated group ( Figure E7A-D) . Histological analyses revealed that epithelial hyperplasia and maximal mucosal thickness were more pronounced in untreated mice compared with wogonin-treated mice. Furthermore, wogonin treatment decreased collagen type I deposition in submucosa ( Figure E7E -G).
Discussion
Eosinophils have cytotoxic functions and are involved in both the innate and adaptive immune responses 19 . Tissue eosinophilia increases the likelihood of recurrent disease and comorbid asthma in patients with CRSwNP, indicating that eosinophils play a central role in CRSwNP pathophysiology 20 . The severity of clinical symptoms of patients with allergies was reported to correlate with the number of eosinophils in the inflamed tissues 21 . Activated eosinophils release cytotoxic molecules such as major basic protein, eosinophil peroxidase, eosinophilic cationic protein, and lipid mediators that cause tissue damage 22 . Eosinophils are known to produce and release various proinflammatory cytokines 23 such as IL-1β, IL-6, and TNF-α along with chemokines including IL-8/CXCL8, growth-regulated oncogene (GRO)-α/CXCL1, MIP-1β/CCL4, MCP-1/CCL2, and RANTES/CCL5 24 . Several studies have demonstrated that hypoxia contributes to the pathobiology of CRS and NP formation 21 . High expression of HIF-1α in the inflammatory cells, fibroblasts, endothelium, glandular cells, and epithelium were observed in NPs by Hsu et al. 25 . In another study, Early et al. 26 showed that hypoxia stimulates inflammatory and fibrotic responses from NP-derived fibroblasts. Moreover, the expression of the HIF-1α and HIF-2α was up-regulated in NPs and mediated nasal polypogenesis through the epithelial-to-mesenchymal transition 27 . However, the role of HIF-1α in nasal polyposis remained unclear 28 . We investigated HIF-1α expression levels in eosinophils in NPs and compared these with healthy subjects, patients with CRSsNP-UP, and CRSwNP-UP. High levels of HIF-1α-positive eosinophils were observed in NP tissue. Notably, HIF-1α and survivin expression levels were up-regulated in EoL-1 cells under hypoxia. Moreover, we detected survivin-positive eosinophils in NP. Survivin-positive cells were also found in submucosa in mice. These latter findings are consistent with a previous report by Qie et al. 29 , which documented a markedly increased expression of survivin in NP at both the mRNA and the protein level. Thus, further studies are warranted to clarify the mechanisms responsible for eosinophil survival in hypoxic conditions.
Previous studies have suggested that survivin is essential for cell survival. The survivin protein contains structural features of the inhibitor of apoptosis protein (IAP) family. Active caspases can be suppressed by the IAP family to protect cells from activation of the caspase cascade 8, 30 . Elevated expression of IAP in eosinophils has been correlated with cell survival and resistance to apoptosis under hypoxic microenvironment. Wogonin decreased the expression of HIF-1α and survivin, and finally induce the death of eosinophils in a caspase-dependent manner in vitro and in vivo models. Moreover, it has been reported that wogonin-induced apoptosis was also accompanied by a significant decrease of survivin along with Bcl-2 and increase of Bax in cancer cells 13 . Here, we evaluated the role of wogonin administration in the context of resolution of allergic inflammation in a mouse model of CRS exposed to OVA/SEB. The results presented here can be summarized as follows: (i) treatment with wogonin reduced eosinophil accumulation in the nasal fluid and sinonasal tissue; (ii) wogonin promoted resolution of inflammation by inducing caspase-dependent apoptosis of eosinophils; (iii) treatment with wogonin decreased the inflammatory profile, mucus production, and collagen deposition.
In a recent study by Lucas et al. 17 , wogonin administration attenuated OVA-induced airway inflammation in the lung with reductions in bronchoalveolar lavage and tissue eosinophil numbers along with mucus production and increased eosinophil apoptosis. Another study by Lucas et al. 31 demonstrated that wogonin was able to induce neutrophil apoptosis by down-regulating Mcl-1 and to enhance the resolution of neutrophilic inflammation in vivo. Recently Ryu et al. 14 found that wogonin significantly inhibited allergen-induced eosinophilic inflammation in Balb/c mice, specifically by reducing the total IgE and OVA-specific IgE levels compared with the untreated group. Moreover, wogonin has been shown to have anti-fibrotic effect in the upper airway. These findings indicated that wogonin may inhibit TGF-β1-induced myofibroblast differentiation, extracellular matrix production, migration, and collagen contraction. Conversely, wogonin had no cytotoxic effects on TGF-β1-induced nasal-polyp-derived fibroblasts 15 . Inteleukin (IL)-5 plays a key role in differentiation and activation of eosinophils. IL-5 has been found to be elevated in NP tissue and identified that IL-5 was a major eosinophil survival factor. Current therapeutic approach primarily target the adaptive immune response: anti-IL-5 treatment induced eosinophil cell death in an ex vitro polyp tissue model 32 . Mepolizumab (anti-human IL-5 monoclonal antibody) treatment result in a significant reduction of NP size in 50-60% patients 33 . Gevart et al. evaluated the effect of 2 intravenous injections of 750 mg of mepolizumab in patients with severe CRSwNP 34 . However, intranasal wogonin administration has advantages over intravenous and subcutaneous administration of current anti-eosinophil therapies such as an ease of use, efficacy and safety in long-term treatment.
Our observations are consistent with previous findings and provide solid evidence that wogonin may have potential therapeutic use for NP. Our discovery of a new mechanism regulating eosinophil function under hypoxia is notable because it contributes to the pathophysiology of NP. Furthermore, several pathways that modulate eosinophil survival or death constitute targets or proposed targets for future therapy for CRSwNP or related disorders of altered immune response.
